ABSTRACT Methicillin-resistant Staphylococcus aureus (MRSA) resists nearly all ␤-lactam antibiotics that have a bactericidal activity. However, whether the empirically used ␤-lactams enhance MRSA pathogenicity in vivo remains unclear. In this study, we showed that a cluster of lipoprotein-like genes (lpl, sa2275 to sa2273 [sa2275-sa2273]) was upregulated in MRSA in response to subinhibitory concentrations of ␤-lactam induction. The increasing expression of lpl by ␤-lactams was directly controlled by the global regulator SarA. The ␤-lactam-induced Lpls stimulated the production of interleukin-6 and tumor necrosis factor alpha in RAW 264.7 macrophages. The lpl deletion mutants (N315Δlpl and USA300Δlpl) decreased the proinflammatory cytokine levels in vitro and in vivo. Purified lipidated SA2275-his proteins could trigger a Toll-like-receptor-2 (TLR2)-dependent immune response in primary mouse bone marrow-derived macrophages and C57BL/6 mice. The bacterial loads of N315Δlpl in the mouse kidney were lower than those of the wild-type N315. The ␤-lactam-treated MRSA exacerbated cutaneous infections in both BALB/c and C57BL/6 mice, presenting increased lesion size; destroyed skin structure; and easily promoted abscess formation compared with those of the untreated MRSA. However, the size of abscesses caused by the ␤-lactam-treated N315 was negligibly different from those caused by the untreated N315Δlpl in C57BL/6 TLR2 Ϫ/Ϫ mice. Our findings suggest that ␤-lactams must be used carefully because they might aggravate the outcome of MRSA infection compared to inaction in treatment.
KEYWORDS ␤-lactam antibiotics, methicillin-resistant Staphylococcus aureus, SarA, TLR2, lipoprotein-like genes, pathogenicity M ethicillin (MET)-resistant Staphylococcus aureus (MRSA) is a leading pathogen with notable pathogenic effects. MRSA causes a wide range of diseases, including acute skin and soft tissue infections, chronic and persistent endocarditis, osteomyelitis, and pneumonia (1, 2) . MRSA infections cause higher morbidity and mortality than infections by MET-susceptible S. aureus (MSSA) (3, 4) . However, the underlying mechanisms of these effects remain unclear. Studies have suggested that inappropriate treatments or unidentified virulence factors contribute to poor outcomes of MRSA infections (5, 6) . Owing to failure to initially recognize MRSA infection, between 30% and 80% of individuals infected with MRSA have been reported to be inappropriately treated with ␤-lactam antibiotics (7, 8) . Low levels of antibiotics can induce extracellular DNA release, biofilm formation, and virulence factor production (9, 10) . Accumulated data have revealed that subinhibitory concentrations of ␤-lactam antibiotics can promote S. aureus pathogenicity by increasing the expression of alpha-toxin, PantonValentine leukocidin (PVL), enterotoxins, or staphylococcal protein A (SpA) in vitro (9) (10) (11) (12) (13) . The contributions of certain altered virulence factors to MRSA pathogenicity in vivo and the molecular mechanisms underlying ␤-lactam-modulated MRSA pathogenicity remain largely unknown.
Over the past few decades, the global virulence regulon staphylococcal accessory (sar) and accessory gene regulators (agr) have been recognized to play central roles in S. aureus pathogenesis (14, 15) . SarA is a pleiotropic global regulator that modulates the expression of approximately 120 genes in S. aureus via agr-dependent or -independent pathways (16) . As a classic transcription factor, SarA can activate expressions of certain genes, for example, agr and hla, and repress expressions of others, such as cna and sspA (17) . Treatment of S. aureus strains with subinhibitory concentrations of ␤-lactams showed increased SarA expression (12) . However, whether ␤-lactam-induced SarA modulates other virulence factors to contribute to MRSA pathogenicity remains an important issue that must be addressed.
Lipoproteins (Lpps) are an abundant family of proteins anchored to the bacterial membrane and account for at least 2% of bacterial proteomes (18, 19) . S. aureus encodes 55 to 70 putative Lpps, and approximately 50% of these Lpps are annotated as chaperones or transporters of amino acids, peptides, iron, and zinc (18) . Several Lpps include major Toll-like receptor 2 (TLR2) ligands that play important roles in S. aureus infection and host inflammatory response (20) . Several staphylococcal Lpps can trigger host cell invasion, increase bacterial pathogenicity, and contribute to the epidemic of CC8 and CC5 strains (21, 22) . Other authors proposed that more than 30% of Lpps in S. aureus are hypothetically conserved proteins with unknown functions (19) . Most virulent MRSA strains, such as USA300, carry a conserved genomic island termed Sa␣, which is a nonphage and non-staphylococcal cassette chromosome genomic island that contains numerous homologous tandem-arranged lpp genes, which are referred to as "tandem Lpps" or "lipoprotein-like" (lpl) (18, 23, 24) . This lpl cluster possibly represents the paralogous genes that have diverged after a duplication event in S. aureus (18) . MRSA USA300, belonging to the clonal complex CC8, carries 15 (22%) hypothetical Lpls. Among these Lpls, nine are specific to the Sa␣ island (18) . In contrast, N315, belonging to the clonal complex CC5, carries 12 (21%) hypothetical Lpls. Among these Lpls, nine Lpl proteins are specific to the Sa␣ island (locus 0) and three Lpls are encoded by the genome (locus III) (see Table S1 in the supplemental material) (24) . However, the exact roles of Lpls remain unclear.
In this study, we demonstrated that an lpl cluster outside the Sa␣ island was upregulated in response to subinhibitory concentrations of ␤-lactam induction. We observed that the increasing expression of lpl after ␤-lactam treatment was directly controlled by the global regulator SarA. We also showed that the ␤-lactam-induced Lpls are important virulence factors that enhance MRSA pathogenicity by triggering the production (12, 14) . Global regulators can recognize specific motifs in the promoter regions of a certain gene, thereby controlling gene expression (14) . We analyzed the binding motif of SarA (27, 28) in the promoter regions of lpl and discovered a typically predicted SarA box ( Fig. 2A) . Electrophoretic mobility shift assay (EMSA) results showed that recombinant SarA-his proteins bound to the lpl cluster promoter region that carried the putative SarA binding box (Fig. 2B) . No shifting band was observed when the AT-rich SarA box was mutated to become GC rich (Fig. 2C) . To investigate whether ␤-lactam-stimulated sarA can regulate the expression of lpl. Western blot analysis indicated that both SarA and Lpls increased in a dose-dependent manner in response to ␤-lactam antibiotic treatment (Fig. 2D) . Deletion of sarA (N315ΔsarA) reduced Lpl levels in N315 (Fig. 2E) . The sarA-overexpressing strain (N315ΔsarA/pLI-sarA) produced more Lpls than the wild-type N315 strain, whereas the empty pLI50-transformed strain (N315ΔsarA/pLI50) caused no such effect. The Lpls presented no significant change in the sarA mutant after OXA treatment compared with untreated N315ΔsarA (Fig. 2F) . However, OXA treatment significantly increased the Lpl levels in N315. These data indicate that S. aureus SarA can directly bind to the lpl cluster promoter region, thereby upregulating lpl expression in the presence of ␤-lactams. The AT-rich motif (ATTTAAT) in the promoter regions of lpl is essential for SarA binding and regulation.
We then examined whether AgrA can upregulate the expression of lpl. Western blot analysis showed that N315 and N315ΔagrA produced similar amounts of Lpls, and Lpl levels in N315ΔagrA increased after OXA treatment (Fig. 2G ). Studies have reported that N315 contains a defective agr (29) . We then tested the effect of agr on lpl expression in an agr-positive MRSA USA300 strain. USA300ΔagrA expressed similar amounts of Lpls as the wild-type strain, and Lpl levels in USA300ΔagrA also increased after OXA treatment (Fig. 2H ). These data indicate that MRSA agr plays no role in the regulation of Lpl expression. The ␤-lactam-induced Lpl expression in MRSA may be controlled by SarA through an agr-independent pathway.
␤-Lactam-induced Lpls triggered TLR2-dependent proinflammatory cytokine production by macrophages. The Sa␣-specific Lpl proteins of MRSA USA300 enhanced the production of IL-6 and TNF-␣ in innate immune cells (21) . In N315, the ␤-lactam-inducible lpl genes are not in the Sa␣ island and encode Lpls belonging to the DUF576 protein family (24, 26) . To determine whether Lpls contribute to innate ␤-Lactams Stimulate MRSA Pathogenicity ® immune stimulation, we constructed a markerless deletion mutant, N315Δlpl, and a complement strain, N315Δlpl/pLI-lpl, for macrophage infection (see Fig. S2A in the supplemental material). The production of IL-6 and TNF-␣ in mouse RAW 264.7 macrophages significantly decreased after treatment with N315Δlpl compared with those of wild-type N315 administered. In contrast, higher levels of IL-6 and TNF-␣ were detected in macrophages treated with N315Δlpl/pLI-lpl than with N315Δlpl/pLI50 ( Fig. 3A and B) . This effect was also observed in RAW 264.7 macrophages stimulated with MRSA USA300, USA300Δlpl, USA300Δlpl/pLI-lpl, and USA300Δlpl/pLI50 (see Fig. S2B , C, and D in the supplemental material). These results indicate that the increased levels of IL-6 and TNF-␣ by macrophages may depend on the expression of MRSA Lpls.
In Gram-negative bacteria, the cell-wall-associated lipopolysaccharides (LPSs) are the main molecules involved in activating the innate immune system of hosts via TLR4 interaction (30) , whereas in Gram-positive bacteria, the releasable Lpps or Lpls may be the main factors, performing a similar function by triggering the TLR2 signaling pathway and thereby inducing proinflammatory cytokine production (20) . To determine whether ␤-lactam-induced Lpls exhibit immunomodulatory effects on primary FIG 3 Antibiotic-induced MRSA Lpls stimulated proinflammatory cytokine production by macrophages. IL-6 (A) and TNF-␣ (B) levels elevated by RAW 264.7 macrophages stimulated with N315, N315Δlpl, N315Δlpl/pLI-lpl, or N315Δlpl/pLI50 at the MOI of 30. The levels of IL-6 and TNF-␣ in cell culture supernatant were determined 6 h postinfection through enzyme-linked immunosorbent assay (ELISA). Phosphate-buffered saline (PBS) served as negative controls. Approximately 5 ϫ 10 5 BMDMs or BMDM TLR2 Ϫ/Ϫ cells were stimulated with different amounts of purified lipidated SA2275-his proteins (50, 100, and 500 ng/ml). IL-6 (C) and TNF-␣ (D) levels in cell culture supernatant were determined after 6 h of treatment. The unlipidated SA2275-his (-sp) (500 ng/ml)-stimulated cells served as the negative control, whereas LPS-induced cells (200 ng/ml) served as the positive control. The experiments in duplicate were conducted at least three times. Error bars indicate SD. Statistical significances were calculated by Student's t test; ns, no statistical significance. *, P Ͻ 0.05; **, P Ͻ 0.01; ***, P Ͻ 0.001. macrophages, mouse bone marrow-derived macrophages (BMDMs) of C57BL/6 mice were isolated and characterized and then stimulated with different amounts of purified lipidated SA2275-his proteins. SA2275-his proteins increased the production of IL-6 and TNF-␣ in BMDMs in a concentration-dependent manner, whereas unlipidated SA2275-his (-sp) proteins showed no immunomodulatory effect on the production of IL-6 and TNF-␣ in BMDMs (Fig. 3C and D) . However, the lipidated SA2275-his proteins could not induce the production of IL-6 and TNF-␣ in BMDMs derived from TLR2-deficient C57BL/6 mice (TLR2 Ϫ/Ϫ BMDMs) (Fig. 3C and D) . In summary, these data suggest that the enhancement by purified recombinant SA2275-his proteins of proinflammatory cytokine production by macrophages is TLR2 dependent, and correctly lipidated Lpls are needed for the recognition of TLR2 receptors to trigger the immune response by macrophages (31) .
MRSA Lpls enhanced proinflammatory cytokine production in mice. We determined whether the ␤-lactam responsible for Lpls contributed to cytokine stimulation in vivo. The levels of IL-6 and TNF-␣ in BALB/c mice 6 h after challenge with N315Δlpl were significantly lower than those with N315 administered (P Ͻ 0.01). The N315Δlpl/pLI-lpl strain stimulated higher levels of IL-6 and TNF-␣ in mice than the N315Δlpl/pLI50 strain did ( Fig. 4A and B) . Moreover, C57BL/6 and C57BL/6 TLR2 Ϫ/Ϫ mice were administered different concentrations of purified lipidated SA2275-his proteins through tail vein injection. The levels of IL-6 and TNF-␣ in C57BL/6 mice increased after SA2275-his proteins were administered, whereas this phenomenon was absent in C57BL/6 TLR2 Ϫ/Ϫ mice ( Fig. 4C and D) . Overall, these data suggest that the systemic inflammatory response in MRSA infection may be associated with Lpl expression and that MRSA Lpls stimulate a TLR2-dependent host immune response.
␤-Lactam-induced Lpls promoted the pathogenicity of MRSA. To investigate whether ␤-lactam-induced Lpls enhance colonization by MRSA, we determined the bacterial burden in the organs of a mouse model. BALB/c mice were infected intravenously with pGFP plasmid-transformed N315Δlpl and N315 for 5 days (see Table S4 in the supplemental material), and bacterial colonization was tracked through an in vivo imaging system. The fluorescence intensity of green fluorescent protein (GFP) in the kidneys of mice injected with N315 was significantly higher than in those infected with N315Δlpl ( Fig. 5A ; see Fig. S3A in the supplemental material). Consistent with the radiant efficiency, the bacterial loads in the kidneys of N315-infected mice were also significantly higher than those of N315Δlpl-infected ones (Fig. 5B) . We then investigated whether Lpls enhance the pathogenicity of MRSA. A mouse subcutaneous infection model was established to evaluate the contribution of OXAinduced Lpls to skin and soft tissue infections. BALB/c mice were injected subcutaneously in both flanks with N315 and N315Δlpl. Then, the mice were intraperitoneally injected with 1 g of OXA per gram of weight twice a day for 14 days. The course of infection was monitored every day. The PBS-treated N315-and N315Δlpl-infected mice served as controls. The mouse skin abscesses caused by OXA-treated N315 were significantly larger than those caused by OXA-treated N315Δlpl, PBS-treated N315, and PBS-treated N315Δlpl between 2 and 11 days postinfection (Fig. 5C ), and this observation was further shown in the photographs of skin abscesses of BALB/c mice 7 days postinfection ( Fig. 5D ; see Fig. S3B in the supplemental material). Histological examinations indicated that the corium layer of OXA-treated N315-challenged BALB/c mice exhibited extensive inflammation with leukocyte infiltration, more flake-like abscess formation, and destroyed skin structure compared with the OXA-treated N315Δlpl-, PBS-treated N315-, and N315Δlpl-infected mice (see Fig. S3C in the supplemental material). In contrast, the skin of OXA-treated N315Δlpl-challenged mice displayed similar leukocyte infiltration and sporadic abscess formation relative as those of PBStreated N315Δlpl-infected mice. These pathological phenomena might be caused by ␤-lactam-induced MRSA Lpls, which stimulated higher levels of IL-6 and TNF-␣ in mice (see Fig. S3D and E in the supplemental material), thereby promoting an exuberant, systemic inflammatory response.
␤-Lactams Stimulate MRSA Pathogenicity ® To further determine whether MRSA Lpl-promoted pathogenicity of MRSA is associated with TLR2, we subcutaneously challenged C57BL/6 and C57BL/6 TLR2 Ϫ/Ϫ mice in both flanks with N315 and N315Δlpl. Results showed that skin abscesses in wild-type C57BL/6 mice caused by OXA-treated N315 were larger than those caused by OXA-treated N315Δlpl, PBS-treated N315, and N315Δlpl between 4 and 10 days postinfection (see Fig. S4A in the supplemental material). This observation was further shown in the photographs of skin abscesses of C57BL/6 mice at 7 days postinfection (see Fig. S4B in the supplemental material). N315 and N315Δlpl caused larger skin lesions in C57BL/6 TLR2 Ϫ/Ϫ mice than those in C57BL/6 mice ( Fig. 5E and F; see Fig. S4B and C in the supplemental material), consistent with the previous results (32) . However, the skin abscesses in C57BL/6 TLR2 Ϫ/Ϫ mice caused by OXA-treated N315 were negligibly different from those caused by OXA-treated N315Δlpl, PBS-treated N315, and N315Δlpl ( Fig. 5E and F; see Fig. S4B and C) . Overall, these data confirmed that ␤-lactam-induced Lpls aggravated host TLR2-dependent MRSA infections.
FIG 4
Lpls contributed to inflammatory response in MRSA infection. IL-6 (A) and TNF-␣ (B) levels in BALB/c mouse sera as determined by ELISA. BALB/c mice were infected by tail vein injection with 1 ϫ 10 7 CFU of N315, N315Δlpl, N315Δlpl/pLI-lpl, or N315Δlpl/pIL50. The levels of IL-6 and TNF-␣ in mouse sera were determined 6 h postinfection. PBS served as negative controls. C57BL/6 and C57BL/6 TLR2 Ϫ/Ϫ mice were injected in the tail vein with 50, 100, and 500 ng of purified lipidated SA2275-his proteins. IL-6 (C) and TNF-␣ (D) levels in mouse sera were determined 6 h posttreatment. Mice administered LPS (1,000 ng) and unlipidated SA2275-his (-sp) proteins (500 ng) served as the positive and negative controls, respectively. Data show mean Ϯ SD for cytokine levels from three independent experiments with five mice in each group. Statistical significances were calculated by Student's t test; ns, no statistical significance. *, P Ͻ 0.05; **, P Ͻ 0.01; ***, P Ͻ 0.001.
Shang et al.

®
DISCUSSION
MRSA is distinct from MSSA in terms of the acquisition of a genetic element called staphylococcal cassette chromosome mec, in which mecA encodes an alternative penicillin-binding protein 2a (PBP2a) with a low affinity for ␤-lactams (24). Thus, MRSA strains are resistant to nearly all ␤-lactam antibiotics (3). As antibiotics, ␤-lactams bind to PBPs and inhibit the transpeptidation and transglycosylation of the cell wall, resulting in a weakened cell wall and inducing cell lysis and death (33) . This type of antibiotic, particularly cephalosporins and ␤-lactam-␤-lactamase inhibitor combinations, has been empirically used for clinical treatments of infectious diseases (34) . Subinhibitory ␤-Lactams Stimulate MRSA Pathogenicity ® concentrations of antistaphylococcal agents may occur due to either antibioticresistant microorganisms or pharmacokinetics of antibiotics (12, 34) . For MRSA infections, which are not initially recognized, ␤-lactams not only are ineffective in treatment but also possibly contribute to poor outcomes by enhancing the pathogenicity of MRSA. Nonetheless, the underlying mechanisms remain obscure (6) . In addition to antimicrobial activity, signal induction may be implemented by subinhibitory concentrations of ␤-lactams, which actively promote S. aureus biofilm formation (10) , induce PBP2a to reduce peptidoglycan cross-linking in MRSA (3), and enhance virulence factors, such as alpha-toxins, PVL, SpA, and enterotoxins (9, (35) (36) (37) .
In this study, we showed that a three-gene constituent lpl cluster in the MRSA genome was upregulated in response to ␤-lactam induction. This lpl cluster was widely distributed among the major prevalent MRSA clones (see Table S5 in the supplemental material). Lpls could be upregulated after treatment with nearly all ␤-lactam antibiotics (Fig. 1A) . ␤-Lactams can induce PVL expression in S. aureus by interfering with PBP1 and triggering SarA and Rot global regulators (9) . Our results showed that deletion of SarA (N315ΔsarA) failed to upregulate lpl expression under OXA treatment (Fig. 2F) , whereas N315ΔagrA and USA300ΔagrA showed lpl expression comparable to their wild-type strains, indicating that ␤-lactam-induced Lpl expression in MRSA is probably SarA controlled via an agr-independent pathway. EMSA data revealed the direct regulation of SarA during Lpl expression (Fig. 2B) . However, further investigations should be performed to clarify how ␤-lactams trigger SarA expression.
In contrast to ␤-lactam-induced SpA and PVL, which exhibit a controversial pathogenic role in S. aureus (9) , some Lpps of S. aureus are crucial players in alerting the host immune system by recognizing TLR2/TLR1 or TLR2/TLR6 receptors (38, 39) . Proinflammatory cytokines were not induced by purified lipidated SA2275-his proteins in BMDM TLR2 Ϫ/Ϫ cells and C57BL/6 TLR2 Ϫ/Ϫ mice ( Fig. 3C and D and Fig. 4C and D) , suggesting that TLR2 is required by Lpls in stimulating the immune system. Although N315Δlpl infections induced less IL-6 and TNF-␣ production in mice than did the wild-type strain, OXA-treated N315Δlpl-infected mice still produced higher levels of IL-6 and TNF-␣ cytokines than did untreated wild-type strain-challenged mice ( Fig. S3D and E) , suggesting that other mechanisms might be involved in immune system modulation by ␤-lactam-treated MRSA. For instance, ␤-lactam-promoted PBP2a induction can diminish peptidoglycan cross-linking, thereby enhancing phagocytic degradation and detection and promoting IL-1␤ production (3) .
Our study also demonstrated that increasing MRSA pathogenicity was attributed to ␤-lactam-induced Lpls (Fig. 5A , B, and D; Fig. S3B and C) . A possible explanation is that the higher levels of IL-6 and TNF-␣ in mice induced by ␤-lactam-induced Lpls promoted exuberant, systemic inflammatory responses, thereby facilitating the pathogenicity of MRSA. Schmaler et al. (32) found that TLR2 Ϫ/Ϫ or MyD88 Ϫ/Ϫ mice showed more weight loss and higher bacterial loads in kidneys and knees after infection with S. aureus than C57BL/6 mice. Our results also revealed that N315 and N315Δlpl strains caused more pronounced skin lesions in TLR2 Ϫ/Ϫ mice than in C57BL/6 mice ( Fig. 5E and F; Fig. S4B and C). This may be attributed to the low levels of proinflammatory cytokines induced in TLR2 Ϫ/Ϫ mice, facilitating MRSA colonization and infection.
In conclusion, this work focused on the function and regulation of an lpl cluster in response to the induction of subinhibitory concentrations of ␤-lactams. ␤-Lactaminduced MRSA lpl expression is SarA dependent, and upregulation of lpl after ␤-lactam treatment is directly controlled by the global regulator SarA. We demonstrated that the increased Lpls in MRSA significantly promote TLR2-dependent signaling pathway activation and result in inflammatory response by triggering IL-6 and TNF-␣ levels in vitro and in vivo, thereby possibly contributing to bacterial pathogenicity by inducing host immune responses and promoting bacterial colonization. Our data support the recommendation to clinicians regarding the prudent usage of ␤-lactams, which possibly aggravate the clinical outcomes of MRSA infections.
complete RPMI 1640 medium (HyClone). After removed of red blood cells, the cells were cultured on 6-well plates with RPMI 1640 containing 10% (vol/vol) heat-inactivated fetal bovine serum (FBS), 20 ng/ml macrophage colony-stimulating factor (M-CSF), 100 U/ml penicillin, and 100 g/ml streptomycin at 37°C to a fluent monolayer. Cells were identified by the BD FACS Canto-II flow cytometer (BD Biosciences, USA) (48) . BMDMs were seeded at a density of 5 ϫ 10 5 cells/well in 24-well plates and allowed to adhere overnight followed by stimulation with lipidated SA2275-his proteins for 6 h, and the levels of IL-6 and TNF-␣ were measured by ELISA.
Female BALB/c mice were infected via tail vein injection with 1 ϫ 10 7 CFU of the MRSA strain of interest for 6 h. To detect the cytokine induction capacity of purified lipidated SA2275-his proteins in vivo, female C57BL/6 and C57BL/6 TLR2 Ϫ/Ϫ mice were challenged via tail vein injection with 50, 100, and 500 ng recombinant SA2275-his proteins for 6 h, respectively. Blood samples were collected 6 h postinjection, and the levels of IL-6 and TNF-␣ in mouse sera were determined by ELISA.
Animal experiments. BALB/c mice were randomly divided into two groups and infected via tail vein injection with 1 ϫ 10 7 CFU of the GFP expression plasmid (pGFP)-transformed N315 or N315Δlpl and sacrificed 5 days after infection. Mouse organs (i.e., heart, lung, liver, spleen, and kidney) were isolated and subjected to the determination of GFP fluorescence efficiency in organs with the IVIS Lumina LT system and analyzed by Living Image 4.4 Software. The bacterial loads in the infected kidneys were also counted via plate dilution assay as described previously (43) .
For skin abscess formation, BALB/c, C57BL/6, and C57BL/6 TLR2 Ϫ/Ϫ mice were fully anesthetized with 1% (mass/vol) pentobarbital sodium (50 mg/kg of body weight), and the back hair was depilated completely with 6% (mass/vol) sodium sulfide. Then, mice were subcutaneously inoculated with 5 ϫ 10 7 CFU of MRSA N315 and N315Δlpl in both flanks of the murine back as described previously (49) and then randomly divided into two groups. The mice of the treatment group were intraperitoneally injected with 1 g of OXA per gram of weight twice a day for 14 days. The PBS-injected mice served as controls. The abscess area assessed by the maximal length by width of the developing ulcer was measured daily.
Statistical analysis. Statistical analysis was carried out using GraphPad Prism 6.0. Replicate numbers and statistical tests for each experiment are listed in the figure legends.
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